Metal ions are essential for life and are indispensable for almost all aspects of metabolism. Indeed, many central bioenergetic and biogeochemical processes on Earth, including respiration, photosynthesis and nitrogen fixation, are entirely dependent on metal ion cofactors 1 . In this Review, we focus on the processes that enable bacteria to maintain metal homeostasis, in particular, of the three most important metals for meta bolism -zinc, iron and manganese. Building on recent advances, primarily from studies on Bacillus subtilis and other wellstudied model organisms, we highlight new insights into the varied and nuanced ways in which bac teria sense and respond to changes in metal ion status. Studies in various organisms are also providing insights into how metal limitation restricts bacterial growth 2 and how metal intoxication can kill bacteria 3 , both of which are relevant to host-pathogen interactions.
Metal ions are essential for life and are indispensable for almost all aspects of metabolism. Indeed, many central bioenergetic and biogeochemical processes on Earth, including respiration, photosynthesis and nitrogen fixation, are entirely dependent on metal ion cofactors 1 . In this Review, we focus on the processes that enable bacteria to maintain metal homeostasis, in particular, of the three most important metals for meta bolism -zinc, iron and manganese. Building on recent advances, primarily from studies on Bacillus subtilis and other wellstudied model organisms, we highlight new insights into the varied and nuanced ways in which bac teria sense and respond to changes in metal ion status. Studies in various organisms are also providing insights into how metal limitation restricts bacterial growth 2 and how metal intoxication can kill bacteria 3 , both of which are relevant to host-pathogen interactions.
Bacteria respond to metal ion limitation and excess by activating the expression of specific sets of genes in regu lons that are typically controlled by a metalsensing reg ulatory transcription factor, that is, a metallo regulatory protein. Metalloregulatory proteins are multimeric DNAbinding proteins that undergo an allosteric tran sition when bound to metals 4, 5 . In this Review, we will focus on the prototypic proteins that regulate Zn(ii), Fe(ii) and Mn(ii) homeostasis. In general, metallo regulators directly bind to their effector metals, but cellular iron status may instead be monitored through the sensing of iron-sulfur clusters 6 or haem 7 as a proxy. Finally, as documented for Mg(ii) 8 and Mn(ii) 9, 10 , some metals may also be sensed by binding to riboswitches in the nascent RNA transcript to control RNA synthesis or mRNA translation (FIG. 1) .
Metals cannot be synthesized or degraded, and there fore homeostasis primarily relies on the modulation of transport into and out of the cell. However, adaptation to metal limitation and excess is complex. In addition to increased import, metal limitation may lead to the mobilization of stored metals, the activation of alternative pathways that are independent of the limiting metal, and the downregulation of some metaldepend ent enzymes and processes (a metalsparing response) 1 . Conversely, excess metals typically lead to the expression of efflux systems 11 . However, the importance of abun dant metalbinding metabolites and metal storage and sequestration mechanisms in buffering fluctuations of metals is becoming increasingly appreciated 12, 13 . Despite the activation of these various adaptive responses, bac teria will cease growth and ultimately die under con ditions of severe metal limitation (starvation) or excess (intoxication). The cellular processes that do not func tion under these conditions are not well understood but insights are emerging in several organisms. For example, the expression of specific zincindependent 14, 15 or iron independent 16 enzymes when zinc or iron, respec tively, is limited implies that the corresponding metal dependent enzymes may not be active. Conversely, metal ion intoxication leads to growth arrest that can often be traced to the mismetallation of a metalloprotein with a nonpreferred metal 17 . Efflux pumps for Mn(ii) [18] [19] [20] , Zn(ii) 21 and Cu(i) 22 have been well defined, and recent work in B. subtilis has revealed the role of P-type ATPases in Fe(ii) efflux 23 . These types of efflux systems function as virulence factors in several bacterial pathogens 3, 20, [24] [25] [26] , which implies that metal intoxication is a selective pres sure during bacterial growth in hosts. Metal intoxication 
Haem
A cofactor that is composed of an Fe(ii) ion coordinated by a porphyrin ring.
Riboswitches
Regulatory regions in mRNA, often in the 5′ untranslated region, that function to modulate gene expression in response to the binding of a small molecule.
Mismetallation
The binding of a non-cognate metal to a protein, which often leads to inactivation or dysfunction.
P-type ATPases
Members of a family of membrane-associated ion pumps in which ion transport is coupled to the hydrolysis of ATP.
Nutritional immunity
A component of the host immune response in which metal availability is restricted to starve pathogens and inhibit their growth.
Holorepressor
The ligand-bound state of a transcriptional repressor protein.
is probably an antibacterial strategy that complements the betterknown process of metal ion limitation (nutritional immunity) 27 , which is reviewed in detail elsewhere (see REFS 2, 28) . In this Review, we will dis cuss different metalloregulatory systems that are used by bacteria and how they respond to metal limitation and intoxication, as well as how these systems influence host-pathogen interactions.
Metalloregulatory systems
Complex mechanisms are required to maintain essential metals at sufficient levels to meet cellular demands but low enough to prevent toxicity. When considering the metal requirements of a cell, two key parameters can be defined. First, the overall metal content is defined as the quota (for example, in atoms per cell). Second, the labile pool refers to the subset of the quota that is kinetically accessible (rapidly exchanging) and is available for incor poration into nascent proteins and for sensing by regula tors. The absolute size of the labile pool can be difficult to measure, but it functions as a buffered pool of metal ions that are in equilibrium with thermodynamically free (hydrated) ions
.
In the Grampositive model bacterium B. subtilis, the zinc, iron and manganese quotas correspond to ~0.1-0.5 mM averaged over the cell volume 1 . Cellular zinc quotas are relatively constant across species, whereas the demand for iron and manganese is more variable. For example, Lactobacillus acidophilus 29 and Borrelia burgdorferi 30 (the causative agent of Lyme disease) have no demonstrable requirement for iron. Conversely, Escherichia coli requires little, if any, manga nese when iron is sufficient 31 . By contrast, both iron and manganese 32 are absolutely required for the growth of B. subtilis. Metalloregulatory systems are responsible for ensuring that cellular metal needs are met and they do this by monitoring the kinetically accessible (labile) pool of metal ions in the cell and modulating gene expression accordingly 5 (FIG. 1) .
Direct metal-sensing regulators. Metalloregulatory pro teins ensure that metal acquisition systems are expressed when metals are limiting for growth and that storage and efflux systems are expressed under conditions of metal excess. For example, when the intracellular concentra tion of metals is sufficient, a metalbound holorepressor may repress genes that function in metal uptake (FIG. 1) , whereas the metallation of sensors of excess metals may lead to the expression of genes that are required for storage or efflux 4 . Key to this process is the ability of the metallo regulator to bind to, and respond to, its cognate effec tor, while ignoring noncognate (competing) metals. If metallo regulators are mismetallated by a noncognate Figure 1 | Types of metalloregulatory systems. Metal-sensing regulators can be divided into three classes: proteins that directly bind to metals, proteins that bind to a metal-dependent cofactor and riboswitches that directly bind to metals. a | Direct metal sensors are those that modulate transcription in response to direct metal binding (for example, Zn(ii) binding to the zinc-uptake regulator (Zur)) 34 . b | Product-sensing metalloregulators use the levels of a metal-dependent metabolite as a proxy for intracellular metal levels. In the case of the iron response regulator (Irr) in Bradyrhizobium japonicum, haem functions as a proxy for Fe(ii) levels. Irr directly binds to ferrochelatase, which catalyses the formation of haem through the insertion of iron into protoporphyrin. Under conditions of Fe(ii) sufficiency, haem is produced by ferrochelatase. Haem can then bind to Irr, which leads to its degradation. However, under conditions of Fe(ii) limitation, apo-Irr is released and actively regulates transcription 7 . c | Metal-sensing riboswitches, such as the yybP-ykoY Mn(ii)-sensing riboswitch, can act at the levels of transcription and translation 9, 10 . In Bacillus subtilis, the binding of Mn(ii) favours an RNA conformation that prevents the formation of an intrinsic transcription termination hairpin. TCA cycle, tricarboxylic acid cycle.
metal, metal homeostasis systems may be inappro priately regulated, which has potentially disastrous consequences. This is generally avoided through a com bination of four distinct mechanisms 5, 33 : carefully tuning the affinity of the regulator to the level of free metal that is buffered by the labile pool, restricting the access of noncognate metals to the regulator, restricting allostery to the cognate metal, and modulating the abundance of the regulator in the cell
. Detailed biochemical and genetic studies of many metalloregulators, supported by structural studies of both metallated and nonmetallated (apo) forms, document these various mechanisms and have been reviewed in detail elsewhere (see REF. 4 ).
Below, we briefly summarize the key features of metal sensing that are exemplified by proteins that con trol zinc, iron and manganese homeostasis in B. subtilis. These regulators are representative of widespread classes of regulator and we can therefore compare them with homologous and analogous regulators in other bacte ria. In B. subtilis, Zn(ii) is sensed by the zincuptake regulator (Zur; a sensor of sufficiency) 34 and CzrA
35
(a sensor of excess), Fe(ii) is sensed by the ferricuptake regulator (Fur) 36 , and Mn(ii) is sensed by MntR 37 and
Mn(ii)sensing riboswitches 9 (FIG. 2) . For many sensors, including Zur, Fur and MntR, the binding of a metal ion is required for binding to DNA with high affinity. By contrast, CzrA is representative of metalloregulators that bind to DNA in their nonmetallated state (apo repressor) and dissociate following metalbinding, which leads to the derepression of efflux.
Fe(ii) sensing by Fur. In B. subtilis, iron sufficiency is sensed by Fur, which is a classic ferricuptake regula tor 36 . Fur was originally described in E. coli more than 30 years ago 38 and is a prototypic metalloregulator; a dimeric DNAbinding protein that requires the binding of divalent cations before it can bind to DNA with high affinity. Despite several decades of study, and numer ous crystal structures of Fur and Furlike regulators in vari ous states of metallation [39] [40] [41] [42] [43] , the precise site of metal sensing is controversial.
Biochemical studies on Fur in B. subtilis have pro vided insights into the sites of metal sensing 44 . Similar to several representative Fur family members, this Fur protein has a tightly associated structural Zn(ii) ion that is bound to site 1 and is required for protein fold ing and dimerization 45 . DNAbinding activity is acti vated through the binding of divalent metal ions to two additional sites (site 2 and site 3). Site 3 binds to metal (presumably iron) more tightly than site 2, and it is ulti mately the binding of iron to site 2 that leads to the full activation of the DNAbinding activity of Fur. The fully metallated (active) form of Fur is probably a dimer with two Zn(ii) ions and up to four Fe(ii) ions (Fur 2 :Zn 2 Fe 4 ) 44 . Although Fur in B. subtilis usually responds specif ically to Fe(ii) in vivo, mismetallation with Mn(ii) can also occur 44 . Indeed, in several proteobacteria it has long been known that under conditions of Mn(ii) intoxica tion mutants arise that have decreased or eliminated Fur activity, which suggests that when Fur is metallated by Mn(ii) it inappropriately represses Fe(ii) uptake [46] [47] [48] . By contrast, in B. subtilis, Fur is selectively activated by Fe(ii), with a dissociation constant (K d ) of ~1 μM, but is generally nonresponsive to Mn(ii), which binds to Fur with a K d of ~24 μM (REF. 44 ). The affinity of Fur for Mn(ii) is only slightly less than the affinity of MntR for Mn(ii), which has a K d of ~6 μM, a concentra tion that is presumed to reflect the in vivo level of free Mn(ii) at equilibrium 44 . Consequently, the selectivity of Fur for Fe(ii) over Mn(ii) is delicately balanced, and the regulation of the abundance of Fur is crucial; a twofold increase in the level of Fur can lead to a dysregulation of Fe(ii) homeostasis, in which the intracellular levels of Mn(ii) activate Fur and repress iron import, leading to iron starvation 44 .
Mn(ii) sensing by MntR. MntR is the central regulator of Mn(ii) homeostasis 37 . MntR in B. subtilis is represent ative of a Mn(ii)sensing subset of the diphtheria toxin repressor (DtxR) family of Fe(ii) sensors that are found in several Grampositive bacteria 49 . The MntR dimer binds to four Mn(ii) ions (MntR 2 :Mn 4 ) at the A and C sites in each protomer, which activates its DNA binding activity 50 . Metal selectivity in this system results, in part,
Box 1 | Bacterial metal ion quotas and the labile pool
Understanding bacterial metal homeostasis relies on three key concepts: the metal quota, the labile metal pool and the thermodynamically 'free' concentration of metals in the bacterial cell at equilibrium. The total metal content of a bacterial cell (atoms per cell) is defined as the quota and reflects the overall demand for metals to support growth. For zinc, iron and manganese the majority of cellular metal is bound to proteins, often in the form of a metal cofactor. Examples include Zn(ii), which is bound to proteins during folding, and iron, which is incorporated into Fe-S cluster enzymes, haemoproteins and mononuclear Fe(ii)-dependent enzymes.
The labile pool is difficult to measure but can be operationally defined. For example, the labile iron pool can be defined as the portion of the quota that is accessible to a chelator in vivo. In Escherichia coli, the labile iron concentration has been measured to be ~10 μM (REF. 147 ). Nascent proteins acquire their metal cofactors from this labile pool of exchangeable metal ions during protein synthesis, and metalloregulatory proteins monitor the status of the labile pool. The properties of the labile pool are determined, in part, by the overall avidity with which metals bind to ligands, as described in the Irving-Williams series (Cu(i) >Zn(ii) >Ni(ii) >Co(ii) >Fe(ii) >Mn(ii) >Mg(ii) >Ca(ii)) 148 , and by the variety and affinity of potential metal ligands in the cytosol 149 . The labile metal pool is in equilibrium with, and acts to buffer, metal ions at a thermodynamically defined concentration of free metal ions. Metalloregulator ion affinity provides insight into the buffered metal pools in the cell; when free metals exceed the dissociation constant (K d ) of the metalloregulator, the cell responds appropriately through the repression of metal uptake or the derepression of efflux and storage functions. The equilibrium concentration of free metals in the cell varies over many orders of magnitude. Cytosolic levels of copper are typically low (there are few cytosolic enzymes that require copper) and the free Cu(i) level is buffered, owing to the high avidity with which Cu(i) binds to ligands, in the attomolar (10 -18 M) range 150 . Cytosolic Cu(i) is mobilized by protein chaperones that transport it to appropriate recipient enzymes and prevent toxicity due to adventitious mismetallation 151, 152 . Cytosolic levels of zinc are overall much higher (a ~1 mM quota), but the high affinity of Zn(ii) for its ligands results in a labile pool that is buffered in the sub-picomolar range (~10 -12 to 10 -14 M), which indicates that almost no 'free' (fully hydrated) Zn(ii) ions exist in the cell 95 . Conversely, cytosolic magnesium (Mg(ii)) is maintained at high physiological levels (~10 -3 M) and is well hydrated and highly mobile 153 . Iron and manganese are a particular challenge for the cell, because both metals are relatively abundant; for example, in Bacillus subtilis, the pools of free Fe(ii) and Mn(ii) are estimated to be in the range of 10 -6 to 10 -5 M (REF. 154 ). The potential consequence of this is that cytosolic levels of free (hydrated and mobile) metal may be very similar, which would result in competition for metallation of the same enzymes and regulators 154 . from these two sequential binding events; Mn(ii) bind ing to the A site helps organize the C site for the binding of the second Mn(ii) ion 51 . Fe(ii) binds to the A site with a similar affinity to Mn(ii) but with a different coordi nation geometry 51 . Consequently, the C site is distorted and binding to this site is inhibited. Thus, Fe(ii) does not trigger the allosteric transition that is required for DNAbinding and may thereby act as an antagonist of MntR function. MntR homologues are widely conserved in bacterial species, including E. coli 52 , and are frequently involved in sensing Mn(ii) and sometimes also Fe(ii) 53 .
Zn(ii) sensing by Zur and CzrA. Regulation of Zn(ii) homeostasis involves Zur, which is a paralogue of Fur that is activated and binds to DNA in response to Zn(ii) 34, 54 . Zur is also a dimeric protein that has both a structural Zn(ii) and a second Zn(ii)sensing site (site 2) 55 . Activation of the DNAbinding activity of Zur occurs in two steps: the binding of Zn(ii) to one protomer (K d ~56 pM) in the dimer and then, with ~20foldlower affinity (K d ~1.2 nM), binding to the second protomer. Owing to this negative cooperativity in binding, the inactive Zur dimer (Zur 2 :Zn 2 ) is sequen tially metallated to first form Zur 2 :Zn 3 and then Zur 2 :Zn 4 (FIG. 3) . The implications of this negative cooperativity for gene regulation are considered below. Zur homologues are widely distributed in bacteria, and, when absent, functionally analogous regulators often control sets of genes that are similar to those that are controlled by Zur.
In addition to sensing metal sufficiency, cells have mechanisms to sense excess metals. In B. subtilis, excess Zn(ii) is sensed by a separate regulatory protein, CzrA 56 . CzrA binds to DNA as a repressor in the absence of regulatory metal ions and, following metallation with Zn(ii), CzrA dissociates from DNA, which results in the induction of two efflux systems, the CadA Ptype ATPase and the CzcD cation diffusion facilitator type transporter 56, 57 . In general, efflux is the most expedient mechanism for bacteria to deal with excess metal ions. Recent results have identified analogous proteins that mediate the efflux of both Fe(ii) 23 and Mn(ii) 18 in B. subtilis. However, in these cases, the same regulatory pro tein that represses uptake also activates the expression of the efflux genes. Thus, Fur 19, 23 and MntR 18 are both bifunctional regulators that can repress and activate gene expression in response to metal status (FIG. 2) .
Product sensing as an alternative to direct metal sensing. Fe(ii) can also be selectively sensed by monitoring the main products of iron metabolism, rather than the level of the ion itself 7 . In bacterial cells, iron is mostly used for the assembly of haemcontaining proteins and Fe-S clustercontaining enzymes 58 . Therefore, bacte ria have evolved metalloregulatory systems that sense these irondependent products to indirectly mon itor intra cellular levels of iron. For example, the iron response regulator (Irr), which was first described in Bradyrhizobium japonicum, is a Fur family protein that regulates iron homeostasis by monitoring haem through a direct interaction with ferrochelatase 59, 60 ( FIG. 1b) . Unlike other Fur family members that function during iron sufficiency, Irr binds to DNA under condi tions of iron limitation. Irr represses the tran scription of genes that are involved in haem biosynthesis, iron storage, Fe(ii) efflux and ironutilizing proteins, and directly activates genes that are involved in iron uptake, haem utilization and the tricarboxylic acid (TCA) cycle 61 . Ferrochelatase catalyses the final step in haem biosynthesis, which is the insertion of Fe(ii) into a pro toporphyrin ring 62 . When Fe(ii) is sufficient, the haem that is synthesized by ferrochelatase directly binds to Irr, which triggers Irr protein degradation 60 . When Fe(ii) is limiting, protoporphyrin binds to Irr, which leads to the release of Irr from ferrochelatase and the subsequent regulation of target genes 61 . This prevents the toxic overaccumulation of protoporphyrin.
Bacteria also commonly monitor the cellular capa city for the biogenesis of Fe-S clusters through the regulatory protein IscR, which requires the insertion of an Fe-S centre for function 6 . IscR is a member of
Box 2 | Biochemical basis of metal-specific sensing
Metalloregulatory systems have evolved to detect and respond to specific metal ions in the complex milieu of a bacterial cell, which often contains similar ions at higher concentrations. To respond appropriately, metalloregulators use four principles: affinity, access, allostery and abundance 33 . Affinity refers to the biochemical affinity of metalloregulators for cognate and non-cognate metal ions (equilibrium binding constant, often expressed as a dissociation constant, K d ). Affinity is determined by chemical properties and is generally tuned to detect changes in the labile pool that represent an increase or decrease relative to the equilibrium value. Affinity is determined by the nature of the binding site, which includes the identity and coordination geometry of the metal ligands 4, 5 . For example, Fe(ii) prefers an octahedral geometry, whereas both Mn(ii) and Zn(ii) may have tetrahedral (or higher in the case of manganese) coordination, with less preference for specific bond angles. Metals also differ in their preference for hard versus soft (polarizable) ligands; for example, cysteine-rich coordination sites favour Zn(ii) or Fe(ii) over Mn(ii) 155 . Access refers to the availability of a particular ion for binding and reflects the fact that metals that could compete for a specific metal sensor do not have access to the regulator as a result of limited uptake into the cell, effective sequestration or buffering at concentrations that are lower than those that would lead to mismetallation. For example, metalloregulators that bind strongly in vitro to non-cognate metals that are higher in the Irving-Williams series (BOX 1) may be maintained in cells at low levels owing to buffering and the repression of uptake by their cognate metalloregulator 156 . In some cases, the levels of free metal in the cytosol can vary substantially between bacteria. This has led to the common observation that the responsiveness of metalloregulators may be different when expressed in a heterologous host that maintains labile metal pools at different levels 157, 158 . Allostery refers to the ability of metals that bind to metalloregulatory proteins to trigger the allosteric conformational changes that are necessary to affect gene expression. For example, the CzrA protein of Bacillus subtilis dissociates from DNA in the presence of Zn(ii), which leads to the expression of genes that are involved in Zn(ii) efflux 56 . However, mismetallation of CzrA with Cu(i) in vitro fails to trigger this allosteric transition and competitively inhibits the ability of Zn(ii) to do so 159 . Conversely, the Cu(i) sensor CsoR can also bind to various divalent metals (including zinc), but these fail to trigger the allosteric change that is required for the derepression of Cu(i) efflux functions 160 . Abundance refers to the intracellular level of a metalloregulator and can also affect selectivity. One notable example comes from studies of Fe(ii) sensing by Fur in B. subtilis. Under most conditions, Fur responds to, and senses, Fe(ii) with high selectivity. However, a mutation that affects the expression of the fur gene and leads to a twofold increase in the level of the Fur protein results in the mismetallation of Fur with Mn(ii), inappropriate repression of Fe(ii) uptake and homeostasis, and ultimately in a marked growth defect 44 . the AraC family of transcription factors and contains three cysteine residues that are located between two helix-turn-helix binding motifs 63 . Interestingly, both the apoform and the holoform of IscR function as transcrip tion factors and recognize two classes of DNAbinding motif (type 1 and type 2) 64 . Following the binding of a 2Fe-2S cluster to an atypical Cys 3 -His 1 binding site in IscR, the IscR-DNA interface is remodelled, which ena bles the recognition of both type 1 and type 2 motifs and the regulation of the full IscR regulon 65 . Figure 2 | Metalloregulation in Bacillus subtilis as a model system. a | As cells transition from Zn(ii) sufficiency to Zn(ii) deficiency, the zinc-uptake regulator (Zur) regulon is derepressed in three stages 90 . First, Zn(ii)-independent L31 and L33 ribosomal protein paralogues are expressed to liberate Zn(ii) from the ribosome. Second, the ZnuABC Zn(ii)-uptake system is expressed to import Zn(ii) from the environment. Last, the Zn(ii)-independent S14 ribosomal protein paralogue is expressed to ensure the continued synthesis of ribosomes, and the Zn(ii)-independent FolEB GTP cyclohydrolase is produced to support folate synthesis. Under conditions of Zn(ii) excess, the expression of Zn(ii) efflux pumps is derepressed when Zn(ii) binds to CzrA, which impairs its ability to bind to its operator sites. Conditions of Zn(ii) limitation and excess are sensed by two metalloregulators, whereas Mn(ii) and Fe(ii) homeostasis are controlled by single metalloregulatory proteins (Mn(ii) by MntR and Fe(ii) by the ferric-uptake regulator (Fur)). b | Under conditions of Mn(ii) limitation, the MntR regulon is derepressed, which leads to the expression of two Mn(ii)-uptake systems 37 . When cells are exposed to excess Mn(ii), MntR directly activates the expression of Mn(ii) efflux pumps 18 . As cells become severely overloaded with Mn(ii), genes that are regulated by the Mn(ii)-sensing yybP-ykoY riboswitch are induced 9, 10 . c | Fe(ii) limitation leads to derepression of the Fur regulon, including genes that are required for Fe(ii) uptake (siderophore biosynthesis and uptake, elemental iron import and an iron-citrate importer) 75 
Siderophores
Secreted, low-molecular-weight Fe(iii)-chelating molecules that are produced in response to conditions of low iron.
Recognition of metal ions by riboswitches.
Selective recognition and response to metal ions in the complex milieu of a bacterial cell presents a challenge for proteins, even for proteins that can arrange chemically diverse lig ands (typically oxygen, nitrogen and sulfur) in a defined geometry 33 . Despite their more limited choice of ligands, RNA molecules have also evolved as metalselective sensors. The first metalsensing riboswitch was identi fied upstream of the mgtA gene in Salmonella enterica subsp. enterica serovar Typhimurium, which encodes a protein that is involved in Mg(ii) uptake 8 . The struc tural and mechanistic basis for Mg(ii) sensing was revealed in a later study that characterized the mgtE riboswitch in B. subtilis 66 . Transcriptional readthrough is regulated by the Mg(ii)sensing 'magnesium box (M box)' riboswitch 8, 66 . Following Mg(ii) binding, the riboswitch adopts a compact conformation that seques ters an antiterminator and favours transcription termi nation 66 . Interestingly, the MgtE channel itself is also allosterically regulated by intracellular Mg(ii) and is com pletely inhibited by ~5-10 mM Mg(ii) 67 
, which is similar to the in vitro affinity of the M box riboswitch (half maximal effective concentration (EC 50 ) ~3 mM) 66 . This suggests that the activity and expression of MgtE are switched off concurrently. This presumably enables the efficient inactivation of Mg(ii) uptake during rapid fluctuations in Mg(ii) availability to avoid intoxication.
Given the high (millimolar) intracellular concentra tion of Mg(ii) and the role of Mg(ii) in RNA folding and structure, the ability of riboswitches to respond to Mg(ii) is perhaps unsurprising. However, recent results suggest that riboswitches can also sense Mn(ii). Specifically, the widely distributed yybP-ykoY family of riboswitches (named after the associated genes in B. subtilis) responds selectively to Mn(ii) 9, 10 (FIG. 1c) , despite the fact that levels of free Mn(ii) in the cell are thought to be near 10 μM, which is several orders of magnitude lower than the levels of Mg(ii) 68 . Structural studies on the manganesesensing riboswitch in Lactococcus lactis have demonstrated that Mn(ii) sensing requires both oxygen ligands and a nitrogen ligand from a specifically ori ented adenine residue in the riboswitch 9 . Riboswitches that have selectivity for nickel and cobalt (and perhaps other metal ions) have also been reported, which fur ther highlights the versatility of RNAbased systems for metal sensing 69 . Similarly to metalloregulatory proteins, riboswitches may also use a productsensing strategy by monitoring the major products of metabolism. This is the case for cobalt, which is primarily used in bacteria as part of the cobalamin (vitamin B 12 ) cofactor required for the activ ity of many enzymes, including methionine synthase in E. coli 70, 71 . Although some metalloregulators respond to excess Co(ii) directly (although often without high selectivity) to activate broadspecificity efflux pumps, the uptake of Co(ii) does not seem to be regulated by direct Co(ii) sensing 72 . Instead, bacteria regulate their requirement for Co(ii) by monitoring the availability of cobalamin, often through a riboswitchmediated mechanism 71 .
Metal ion limitation and its consequences
Bacteria have a complex and diverse set of mechan isms to respond to the limitation of essential metals 1 . Insights into the physiological stresses that are imposed by metal limitation have emerged, in part, from the detailed characterization of regulons that are controlled by metallo regulators that distinguish metal limitation from sufficiency.
As might be expected, a dominant theme in the physiological responses to metal limitation is the dere pression of highaffinity uptake systems to help counter metal deficiency. A second theme is the substitution of an enzyme or protein that depends on a limiting metal with one that can function independently of that metal (and perhaps with a distinct metal cofactor). Third, cells mobilize limiting metals from reservoirs and remodel their proteomes through the translational repression of lessimportant enzymes to enable the lim iting metal ion to be used for the synthesis of enzymes that are most essential for viability and growth (metal sparing). Thus, cellular responses to metal limitation typically extend well beyond simply regulating metal import, and their analysis provides insights into the types of processes that rely on metal ions and thereby limit growth.
Iron limitation. These three intertwined themes are well represented in bacterial iron homeostasis. First, bacteria generally use a set of iron uptake pathways that often involve siderophores, as reviewed in detail elsewhere (see REF. 58 ). Second, bacteria often replace some proteins that have irondependent functions with alternative pro teins that do not require iron. Indeed, this type of sub stitution is exceptionally widespread in biology 1 . Third, bacteria often activate an ironsparing response 73, 74 . In B. subtilis, iron limitation leads to the induction of both siderophore biosynthesis and the expression of various iron import pathways 75 . Fur also regulates a flavodoxin that can functionally replace the abundant ironcontaining electron transfer protein ferredoxin under conditions of iron limitation 76 . Indeed, this particular adaptive response is so widespread that the expression of flavodoxin is a frequently used biomarker for environmental iron limitation 77 . Fur in B. subtilis also regulates a noncoding small RNA (sRNA) 65 , FsrA, that seems to function in concert with two small, basic proteins, Furregulated basic protein A (FbpA) and FbpB, to mediate the translational repression of iron enzymes 73, 78 . This is representative of a wide spread adaptive response to iron limitation that is often referred to as an ironsparing response 79 . The corresponding adaptive responses to iron limi tation are especially well understood in E. coli. In this organism, there are several examples of iron independent enzymes that replace their counterparts under conditions of iron limitation. E. coli encodes two homologous superoxide dismutases (SODs), one of which is an ironcontaining enzyme 80 (FeSOD), whereas the other uses manganese 81 (MnSOD). The FeSOD is active under most growth conditions, whereas the expression of MnSOD is induced during periods of iron starvation 82 . Similarly, E. coli encodes two ribonucleotide reductases (RNR) that catalyse the conversion of ribonucleotides to deoxyribonucleotides 83 . The major RNR is iron dependent (encoded by nrdA and nrdB) and is essential for aerobic growth. The second (encoded by nrdE and nrdF) is regulated by Fur and is manganesedependent 16 . This alternative RNR is crucial for survival under condi tions of hydrogen peroxide stress and during iron star vation when NrdAB is inactive 16 . In collaboration with these metalloenzymesubstitution processes, the sRNA RyhB downregulates the translation of numerous iron containing enzymes (an ironsparing response) to help prioritize iron usage 74, 84 . Despite these various mechanisms to acquire and mobilize iron, growth ultimately ceases when iron is unavailable. It is unclear why growth ceases and this presumably varies between organisms and depends on the growth medium and conditions. The processes that are most susceptible to iron limitation might be inferred from the induction of pathways that help bypass lim itation and prevent growth arrest. However, further investigation is required to understand which processes are the most dependent on iron. In many bacteria, iron has several distinct roles: it functions as a cofactor for irondependent enzymes, is crucial for the assembly of Fe-S complexes, and is an essential component of haem. An active area of research is to define the mechanisms of iron allocation to satisfy these needs, which probably involve accessory proteins such as frataxin 85 .
Zinc limitation. Insights into how bacteria adapt to zinc limitation have emerged from the characterization of the Zn(ii)deficiency response, which is regulated by Zur or its functional equivalent. For example, genes that are regulated by Zur often have functions that can replace Zn(ii)dependent enzymes 14, 15 . In each case, this implies that the Zn(ii)dependent process would otherwise not work when Zn(ii) is depleted. Below, we consider the specific example of the regulon that is controlled by Zur in B. subtilis (FIGS 2, 3) .
Under conditions of Zn(ii) sufficiency, Zur represses genes that encode a highaffinity Zn(ii) uptake system, an alternative folate biosynthesis enzyme, putative Zn(ii) chaperones (ZinT and YciC), and Zn(ii)independent ribosomal protein paralogues 34, 86 . The expression of a Zn(ii)independent folate biosynthesis enzyme (FolE2) suggests that the dominant Zn(ii)cofactored enzyme does not work when Zn(ii) levels decrease, which causes folate auxotrophy 14 . This presumably imposed a selective pressure on an ancestral strain that led to the acquisition of an alternative Zn(ii)independent enzyme that is now under the control of Zur. Similarly, the expression of an alternative zincindependent form of the ribosomal pro tein S14 (designated S14*), which assembles early during ribosome biogenesis, probably enables continued ribo some synthesis even when intracellular Zn(ii) levels are insufficient to metallate the constitutively expressed S14 (REF. 15 ). Two other ribosomal protein paralogues, L31* and L33*, can also replace their Zn(ii)containing coun terparts 87, 88 . In these cases, these largesubunit ribosomal
Box 3 | Allosteric regulation of metal import
Adapting to the changing availability of metal ions by altering gene expression to effect changes in import and export is a relatively slow process. Therefore, it is advantageous for bacteria to have mechanisms to regulate the activity of existing uptake and efflux systems. Two major mechanisms prevent the inappropriate activity of metal transporters: allosteric regulation and an appropriately tuned affinity for the substrate.
Allosteric regulation is best understood in the example of the Mg(ii) importer MgtE 161 . MgtE family transporters function as homodimers and have an amino-terminal cytosolic domain that senses intracellular Mg(ii) and a carboxy-terminal transmembrane conduction pore 162 . When intracellular levels of Mg(ii) increase, the binding of Mg(ii) to the cytosolic domain stabilizes the closed inactive conformation of the pore. This feedback inhibition can provide a rapid shut-off of uptake when Mg(ii) levels are sufficient. However, high concentrations of Mn(ii) may inappropriately lock MgtE in the closed conformation, which potentially leads to an intracellular deficiency of Mg(ii) 124 . To date, there are surprisingly few examples of allosterically regulated transport systems for other metals in bacteria, which may reflect the difficulty of evolving allosteric sites of sufficient specificity to prevent dysregulation by non-cognate metals. As an alternative, it may be possible to regulate transport using a conditionally expressed protein. For example, Mn(ii) efflux in Escherichia coli is carried out by the MntP efflux pump 129 . As cells transition to Mn(ii) limitation, the MntR-regulated MntS protein is synthesized and is proposed to inhibit the activity of MntP, which leads to the rapid shut-off of efflux and thus prevents Mn(ii) starvation.
Alternatively, it may not be necessary to inhibit the activity of efflux pumps if the affinity of the transporter is appropriately tuned to be highly active only under conditions of metal excess. Support for this mechanism comes from studies in Saccharomyces cerevisiae. In this organism, Zn(ii) limitation leads to the expression of both zinc-regulated transporter 1 (Zrt1) 163 and Zrc1, which is a Zn(ii) transporter that is involved in vacuolar Zn(ii) storage 164 . The synthesis of Zrc1 has been hypothesized to prevent Zn(ii) overload due to the activity of Zrt1. Importantly, the affinity of the Zrc1 storage transporter is tuned such that it is largely inactive under Zn(ii) limitation, which prevents the depletion of cytosolic Zn(ii). A similar strategy may exist for iron efflux in Bacillus subtilis by PfeT, which is an Fe(ii) efflux P 1B -type ATPase 23 . PfeT has a surprisingly low affinity for Fe(ii) (K 1/2 ~0.5 mM), perhaps to ensure that efflux is only active when cytosolic Fe(ii) is in excess. In contrast to PfeT, the Listeria monocytogenes orthologue FrvA has a relatively high affinity for Fe(ii) (K 1/2 ~0.1 mM) 24 . Consequently, the expression of FrvA in B. subtilis depletes Fe(ii) in the cytosol and results in Fe(ii) limitation, as evidenced by derepression of the Fur and PerR regulons. Why L. monocytogenes has a comparatively high-affinity Fe(ii) efflux pump is an open question.
protein paralogues displace their Zn(ii)containing counterparts (L31, L33) from the surface of assembled ribosomes 87 . This Zn(ii)mobilization mechanism ena bles the redistribution of Zn(ii) from abundant ribo somal proteins, which thereby function as a storage reservoir, to support the synthesis of essential enzymes that require Zn(ii) 87, 89 . As metalloregulators monitor the concentration of intracellular metal ions, the onset of metal limita tion is generally expected to be gradual as cells deplete their available intracellular pools during growth. Consequently, the regulation of gene expression is often not an allornothing event but rather is finely tuned across operons, with metalloregulatory binding sites of varying affinity and responsiveness 90, 91 . Analysis of the resulting graded response has provided insights into how bacterial cells prioritize their responses to the gradual decrease in available Zn(ii) and may pro vide insights into which processes fail first. In the case of B. subtilis, derepression of the Zur regulon occurs in three distinct stages following Zn(ii) starvation, and these stages are correlated with the sequential loading of Zn(ii) into the sensing sites of the dimeric repressor 90 (FIG. 3) . In the first stage, Zn(ii) that is already present in the cell and is associated with the L31 and L33 riboso mal proteins is mobilized through the expression of the Zn(ii)independent paralogues L31* and L33* (REF. 90 ). As Zn(ii) levels decrease further, the ZnuABC uptake system and the YciC and ZinT metallochaperones ena ble highaffinity uptake and presumably facilitate zinc trafficking 90 . As Zn(ii) levels decrease further still, the substitution functions are derepressed to enable the con tinued de novo synthesis of ribosomes (S14*) and the production of folate 90 . Although it is perhaps surpris ing that the mobilization of intracellular Zn(ii) stores precedes the expression of highaffinity uptake systems, it makes sense because highaffinity uptake is energeti cally expensive. Moreover, highaffinity uptake systems have the disadvantage of potentially leading to metal overload if there is a sudden increase in the availability of metals
Graded responses are probably a general feature of many bacterial stress responses, and various mech anisms support the sequential expression of discrete sets of genes as ion stores deplete. In the specific case of Zur in B. subtilis, one mechanism that contributes to the graded response is negative cooperativity in Zn(ii) binding 55, 90 (FIG. 3) . Under conditions of Zn(ii) suffi ciency, the regulon is repressed by fully metallated Zur (Zur 2 :Zn 4 ). As Zn(ii) levels decrease, the weakly bound Zn(ii) ion dissociates to produce the Zur 2 :Zn 3 form of the repressor, which leads to the derepression of the first two classes of stress response gene; however, the mech anism that mediates their stepwise derepression is not yet known 90 . Finally, as Zn(ii) levels decrease further, the tightly bound Zn(ii) ion dissociates, which leads to the formation of the Zur 2 :Zn 2 form and derepression of the S14* and FolE2 proteins (FIG. 3) . The molecular mechanisms that support graded responses in other systems include several metalbinding sites that ena ble the sequential loading of metal, as noted for Zur in 
Metal ion intoxication and its consequences
Fluctuating environmental conditions provide a chal lenge for maintaining homeostasis. For example, if a metal starved bacterium encounters an environment that is rich in metals, the action of highaffinity uptake systems can rapidly lead to metal intoxication, a prob lem that is exacerbated by the lack of allosteric feedback inhib ition for most metal uptake systems
. In addi tion, eukaryotes use metal intoxication as an antibacte rial strategy
, as reviewed in detail for Cu(i) and Zn(ii) 3 . Recent findings suggest that this is an ancient strategy that probably evolved in response to the preda tion of bacteria by protozoa 94 . Below, we consider some mechanisms that function to prevent metal overload.
Preventing metal overload: buffering, efflux and storage. Bacteria limit the damage that is caused by a sudden influx of metals through cytosolic 'buffering' (which was first defined for Zn(ii) homeostasis) 12 , the sequestration of metals in storage proteins and the expression of efflux pumps. Under steadystate condi tions, cytosolic Zn(ii)binding proteins and molecules can buffer the relatively large Zn(ii) content of most bacterial cells to a cytosolic concentration of free Zn(ii) ions in the picomolar range 95 . When there is an influx of Zn(ii) ions, buffering reactions dampen the result ing increase in the concentration of free Zn(ii) ions in the cytoplasm, which provides time for the Zn(ii) uptake systems to be repressed and Zn(ii) efflux or sequestration systems to be activated.
The precise components of the cellular metal buffer ing systems are beginning to be elucidated. In general, they probably consist of small molecules (such as amino acids, glutathione, organic acids, inorganic ligands and weak ligands) on the surface of macro molecules, specific buffering proteins, and a subset of delivery proteins. In B. subtilis, bacillithiol (BSH) comprises a major component of the Zn(ii) buffering system 96 . BSH functionally replaces glutathione and is the major low molecularweight thiol in the bacterial phylum Firmicutes 97 . The experimentally determined BSH-Zn affinity would enable the cellular BSH pool of 1-5 mM (REF. 98 ) to effectively buffer zinc in the physiologically relevant picomolartonanomolar range 96 . Similarly, glutathione may also function as a Zn(ii) buffer 99 . Alternatively, some bacteria and many eukaryotes express a small cysteinerich metalbinding protein called metallothionein, which provides a buffer for Zn(ii) 100 . Histidine has also been identified as a possible buffer of labile Zn(ii) in Acinetobacter baumannii 101 . Insights into proteins and molecules that buffer and transport metal ions in the cytosol are also emerging for other nutrient metals. Recently, methionine was identi fied as a possible intracellular Cu(i) chelator in E. coli 102 . However, glutathione also probably has a role 99 and BSH has recently been linked to Cu(i) homeostasis in . The importance of intracellular Cu(i) and Zn(ii) buffering by lowmolecularweight thiols in pro tection against metal toxicity was also demonstrated for Streptococcus pneumoniae, in which mutants that lack the ability to import glutathione are hypersensitive to Cu(i) and Zn(ii) 104 . The labile Mn(ii) pool has been investigated in organisms ranging from lactic acid bacteria to yeast and seems to be largely bound to abundant phosphorylcontaining ligands, such as phospho sugars and pyro phosphate 105, 106 . Electron paramagnetic resonance studies on the Mn(ii)accumulating bac terium Deinococcus radiodurans suggest that a large proportion of intracellular Mn(ii) forms low molecularweight complexes with nitrogenous com pounds 107 . In vitro studies support this model, as Mn(ii) can associate with short peptides, some nucleotides, free amino acids and inorganic phosphate 108 . In addition, a major pool of Mn(ii) in stationary phase D. radio durans 108 and Bacillus anthracis 109 is associ ated with the enzyme superoxide dismutase, which is involved in alleviating oxidative stress.
The buffering of metal ions provides a window of opportunity for cells to express other proteins to facili tate adaptation to excess metals. Prominent among these proteins are the specific metal efflux systems, as well as proteins that are involved in the storage and seques tration of metals. Bacteria, archaea and eukaryotes store Fe(iii) in ferritin and ferritinrelated proteins for use under conditions of iron limitation 110 . Ferritins are essen tial for the survival of several pathogenic organisms in infected hosts 111 . Ferritin subunits form a spherical shell, in which up to 4,500 iron atoms can be sequestered 112, 113 . The uptake of iron by ferritins involves the initial
Box 4 | Metal homeostasis during bacteria-host interactions and the evolutionary origins of innate immunity
Obtaining sufficient metal ions for growth presents a major challenge for bacteria in the host environment 2 . In mammals, most iron is sequestered through binding to proteins such as transferrin and haemoglobin. Similarly, zinc and manganese are sequestered by calprotectin, which is released by neutrophils at sites of infection. In addition, the phagocytic vacuoles of macrophages that have engulfed bacteria are depleted of iron and manganese through the action of natural resistance-associated macrophage protein 1 (NRAMP1) 136 . Furthermore, NRAMP1, together with ferroportin, decreases Fe(ii) levels 165 . Although the role of metal sequestration has long been appreciated 2 , evidence of a role for metal intoxication (particularly of Cu(i) and Zn(ii)) as an antimicrobial strategy of the immune response has emerged only recently 3 . Following engulfment, Cu(i) accumulates in the phagocytic vacuole owing to transport into the cell by CTR1 (also known as SLC31A1) and subsequently into the vacuole by the ATP7A Cu(i) transporters 137 . Zn(ii) levels may increase as a result of the action of SLC39A family Zn(ii) transporters 166 . Furthermore, Zn(ii) accumulates in metal-containing vesicles that may fuse with the phagocytic vacuole within the macrophage 138 . The most comprehensive evidence for a direct role of metal intoxication in the innate immune response comes from the decreased virulence of bacteria in which metal efflux genes have been mutated 3 . Mn(ii) and
Fe(ii) intoxication may also have an antimicrobial role during infection, although this area of research is still in its early stages 20, 24, 167 . Although host metal sequestration and intoxication, and the corresponding bacterial defences, are intensively studied in human pathogens 166 , this is an 'arms race' that has a long evolutionary history 168 . A comparison of phagocytosis between protozoa and macrophages reveals remarkable similarities (see the figure) . Similarly to macrophages, some predatory protozoa use NRAMP-type transporters to deplete the phagosome of Fe(ii) and Mn(ii). For example, Nramp1 localizes to the phagosome 169 and Nramp2 localizes to the contractile vacuole 170 in the social amoeba Dictyostelium discoideum. In addition, an orthologue of the Cu(i) transporter ATP7A in D. discoideum localized to both the cytoplasmic membrane and vacuolar structures, which indicates a possible use in flooding the phagocytic vacuole with Cu(i) 171 . Zn(ii)-containing and Cu(ii)-containing vesicles have also been observed before fusion with the protozoal phagosome 138, 172 . Thus, selection for survival in protozoa may have primed bacterial cells to survive engulfment by mammalian phagocytes. Indeed, some human pathogens may have gained important virulence properties as a result of their association with environmental protozoa. For example, the Dot/Icm type IV secretion system of Legionella pneumophila, which is the causative agent of Legionnaire's disease 173 , is required both for survival in protozoa and in macrophages 174 .
Pupylation
A post-translational modification found in members of the phylum Actinobacteria that targets proteins for degradation.
oxidation of Fe(ii) by molecular oxygen at the ferroxidase centre and then iron is stored as Fe(iii) 114 . The release of iron from ferritin requires reduction, but the precise molecular mechanisms involved are poorly understood. In the specific case of Corynebacterium glutamicum, post translational modification of ferritin by the pupylation machinery triggers the disassembly of the ferritin-iron complex in a process that does not require active protein degradation 115 .
Consequences of metal intoxication. In some cases, metal intoxication results from the poisoning of surface exposed enzymes or proteins, which are not protected by the homeostatic mechanisms that main tain intracellular metal concentrations. However, when the influx of metal ions exceeds the buffering capa city of the cell, and efflux and storage systems are una ble to respond sufficiently, bacterial cells experience cytosolic metal intoxication. Below, we summarize some of the betterunderstood mechanisms of metal intoxication. Of note, metal intoxication is becoming increasingly appreciated for its role in host-pathogen interactions
Intoxication from without: inhibition of respiration and metal uptake. Metal ions may inhibit key biolog ical processes, even in the absence of their transport into the cell. Zn(ii), Cd(ii) and Co(ii) can all inhibit the activity of the electron transport chain in bacteria and mitochondria [116] [117] [118] . The precise site, or sites, of inacti vation of the electron transport chain by Zn(ii) is still unclear. Genetic evidence from E. coli 116 , S. coelicolor 117 and B. subtilis 119 suggests specific inhibition of the major aerobic cytochrome oxidase, as bacteria upregulate the relatively Zn(ii)insensitive cytochrome bd quinol oxidase under conditions of Zn(ii) intoxication. This may be of particular importance for host-pathogen interactions, because the expression of the cytochrome bd system also confers tolerance to nitric oxide 120, 121 and hydrogen sulfide 122 , which can be abundant in the host environment.
Zn(ii) also has an antimicrobial effect by antagonizing metal uptake. In S. pneumoniae, excess Zn(ii) prevents the uptake of Mn(ii) by irreversibly binding to the extra cellular Mn(ii)binding protein PsaA 123 . Thus, following Zn(ii) intoxication, S. pneumoniae becomes starved of Mn(ii) and therefore hypersensitive to oxidative stress owing to a decrease in activity of MnSOD 123 . Inhibition of Mn(ii) import by competing metal ions may explain why many bacteria have redundant import systems that often include both an ATPbinding cassette (ABC) transporter and an MntH protein. Metal ions might also antagonize metal uptake by inappropriately signalling sufficiency to transporters that are regulated allosterically. One possible example is the Mg(ii) importer MgtE, which is poten tially inhibited by the binding of Mn(ii) to its allosteric regulatory site 124 
Intoxication from within: enzyme and regulator mismetallation. Enzyme mismetallation has been iden tified as an important consequence of both metal intoxication and peroxide stress. In E. coli, under con ditions of peroxide stress, several mononuclear iron dependent enzymes lose their function when bound Fe(ii) is oxidized to Fe(iii) and dissociates, which can lead to enzyme inactivation when Zn(ii) binds to the enzymes instead 125 . Recent studies have revealed that a family of bacterial Fe-S dehydratases is particularly vul nerable to inactivation by toxic metals [126] [127] [128] . In addition, excess manganese inhibits ferrochelatase, which leads to the inhibition of haemdependent enzymes, such as catalase and cytochrome oxidases 129 . Despite the many mechanisms that metallo regulators use to ensure specificity
, mismetalla tion of metalloregulators has been observed. Fur, which senses Fe(ii), can be mismetallated by Mn(ii) under conditions of Mn(ii) intoxication or, as described above, when Fur is expressed at high levels in B. subtilis 68 . Recently, Cd(ii) was shown to dysregulate Zn(ii) homeostasis in S. pneumoniae as a result of inappro priate repression of Zn(ii) uptake systems and acti vation of gene expression of Zn(ii) efflux systems 130 . However, direct interaction between Cd(ii) and the Zn(ii)sensing transcription factors AdcR and SczA has not yet been shown. Furthermore, in a B. subtilis mutant that has defective Zn(ii) efflux, intoxication results from the mismetallation of PerR and dysregu lation of the PerR regulon 119 . PerR is a member of the Fur family in B. subtilis and functions as both a metal sensor and as an Fe(ii)dependent peroxide sensor 131 . Under normal conditions, PerR functions with either Fe(ii) or Mn(ii) as a corepressor and coordinately regulates genes that are involved in oxidative stress 132 . However, when mismetallated by Zn(ii), PerR is una ble to repress the hemA haem biosynthesis operon but maintains repression of katA, which encodes the highly abundant haemcontaining catalase 119 . Consequently, cells accumulate toxic levels of haem. As observed in Staphylococcus aureus, haem toxicity results from redox cycling between excess haem, which associates with the cell membrane, and menaquinone 133 .
Outlook
Metal ion homeostasis is a delicate balance in which bacterial cells must maintain sufficient levels of metals to ensure the correct functioning of essential enzymes, while preventing metal intoxication. Although bacte rial metal homeostasis has been studied for decades, we have only recently begun to understand the molecular details of how metal buffering, protein chaperones and proteome remodelling ensure efficient metallation of key enzymes during metal limitation. The intra cellular sites for the storage and sequestration of excess metals are also only now being discovered. Key questions still remain unanswered in regard to the nature of the labile metal pool, the precise cellular metal quotas and the effects of environmental factors on metal requirements. The role of metal ions during host interactions is also an active area of research, with recent advances being made in understanding the role of both metal sequestration in limiting bacterial growth (through the action of host proteins that sequester metals and the efflux of iron and manganese from the phagocytic vacuole) 27, [134] [135] [136] and the role of metal ion intoxica tion 25, 137, 138 . The importance of metal intoxication in host-pathogen interactions was first noted owing to the virulence defects of bacteria that are defective in Zn(ii) and Cu(i) efflux 25, [139] [140] [141] . However, this gen eral model can now be extended to Fe(ii) and Mn(ii) intoxica tion 20, 24, 142, 143 . Key questions that remain include the locations and mechanisms of metal intoxica tion during infection. These recent insights have suggested new vaccine strategies that target metal transport systems. For example, components of the Zn(ii) (ZnuD in Neisseria meningitidis) 144 and Mn(ii) (MntC in S. aureus and PsaA in S. pneumoniae) 145, 146 uptake systems were identified as potential vaccine targets. To develop new and effective antimicrobial therapies, it will be crucial to better understand how bacteria manage metal homeostasis and to identify the mechanisms and timing of metal sequestration and intoxication by the host.
